Intestinal mucus is the first line of defense against intestinal pathogens. It acts as a physical 15 barrier between the epithelial tissues and luminal microbes. Enteropathogens, such as Vibrio 16 cholerae, must compromise or circumvent the mucus barrier to establish a successful infection. 17 We investigated how motile V. cholerae is able to penetrate mucus using single cell tracking in 18 unprocessed porcine intestinal mucus. We found that changes in pH within the range of what 19 has been measured in the human small intestine indirectly affect V. cholerae flagellar motor 20 torque, and consequently, mucus penetration. Microrheological measurements indicate that 21 the viscoelasticity of mucus does not change substantially within the physiological pH range and 22 42 varies significantly along the small intestine, between individuals, and between species.
that commercially available mucins do not form gels when rehydrated. Finally, we found that 23 besides the reduction in motor torque, El Tor and Classical biotypes have different responses to 24 acidic pH. For El Tor, acidic pH promotes surface attachment that is mediated by activation of 25 the mannose-sensitive haemagglutinin (MshA) pilus without a measurable change in the total 26 cellular concentration of the secondary messenger cyclic dimeric guanosine monophosphate (c-27 di-GMP). Overall, our results support that the high torque of V. cholerae flagellar motor is 28 critical for mucus penetration and that the pH gradient in the small intestine is likely an 29 important factor in determining the preferred site of infection. 30 
31
Author summary 32 The diarrheal disease cholera is still a burden for populations in developing countries with poor 33 sanitation. To develop effective vaccines and prevention strategies against Vibrio cholerae, we 34 must understand the initial steps of infection leading to the colonization of the small intestine. 35 To infect the host and deliver the cholera toxin, V. cholerae has to penetrate the mucus layer 36 protecting the intestinal tissues. However, V. cholerae's interactions with intestinal mucus has 37 not been extensively investigated. In this report, we demonstrate using single cell tracking that 38 V. cholerae is able to penetrate native intestinal mucus using flagellar motility. In addition, we 39 found that a strong motor torque is required for mucus penetration and, that torque is 40 weakened in acidic environments even though the motor is powered by a sodium potential. 41 This finding has important implications for understanding the dynamics of infection because pH Introduction 48 Vibrio cholerae is the cause of an ongoing cholera pandemic with up to 4 million cases per year 49 from regions of the world that do not have access to potable water [1] . Without proper 50 rehydration and antibiotic treatments, the severe diarrhea triggered by the cholera toxin can be 51 fatal [2] . Preventative measures and vaccines against V. cholerae have had partial success [3, 4] . 52 Therefore, cholera outbreaks are still a significant burden for populations living in developing 53 regions or after natural disaster, such as Bangladesh and Haiti [1] . 54 V. cholerae is represented by more than 200 serogroups that are endemic to sea and brackish 55 waters and often found associated with copepods [5, 6] . However, only the O1 and 0139 56 serogroups have been associated with cholera, the diarrheal disease in humans [7] . Within the 57 O1 serogroup, the Classical biotype dominated the first 6 recorded cholera pandemics. The 58 ongoing 7 th pandemic is dominated by the El Tor biotype, which has rapidly displaced Classical 59 in the environment since its identification in 1905 [8, 9] . Although similar, the two biotypes have 60 differences in their genetic makeups, signaling dynamics, and behaviors [8,10-12]. The relative 61 importance of their unique traits has not been fully elucidated yet. 62 V. cholerae colonize the mucus of the small intestine non-invasively. When reaching the 63 intestinal crypts, V. cholerae secreted the cholera toxin, which targets epithelial cells to activate 64 the chlorine channels proteins and consequently trigger a massive efflux of chlorine ions and 65 water into the intestinal lumen. Many aspects of V. cholerae physiology and the regulation 66 virulence factor expression have been investigated to recapitulate the dynamics of infection 67 5 after ingestion, such as pili production [13] , type 6 secretion system [14] , quorum sensing [15] , 68 biofilm formation [16] , and flagellar motility [17] . While these different behaviors have been 69 shown to contribute to V. cholerae success during infection, the specific sequence of events and 70 site-specific activities in the intestine are still under investigation. 71 Studies done on infant rabbits and mice indicate that in the early stage of infection planktonic 72 V. cholerae cells are distributed throughout the small intestine. Then, the bacterial load drops 73 in proximal and medial small intestine while the surviving cells preferentially colonize the distal 74 small intestine [18, 19] . Only, a small fraction of cells is able to penetrate the mucus layer 75 protecting protect epithelial tissues. In the later stage of the infection, V. cholerae repopulates 76 all parts of the small intestine [18, 20] . It is likely that the dramatic change in the lumen 77 conditions, which is triggered by the activity of the cholera toxin secreted by cells that 93 Consequently, mucus forms a selective diffusion barrier with constant flow rate, which can 94 increase in response to threat such as the cholera toxin [28] . Histological analyses revealed that 95 the inner part of the mucus layer is mostly free of bacteria [29] . In the small intestine, the 96 mucus layer is thinner in the proximal part (~200 µm) than the distal part (~500 µm) [30]. These 97 observations raise the questions of how V. cholerae is able to penetrate mucus and why it 98 preferably infects the distal small intestine where the mucosa is thicker? 99 The pH gradient along the length of the small intestine may contribute to V. cholerae's 100 preferred site of infection. In humans, the proximal small intestine is slightly acidic (pH 6.3-6.5) 101 while the distal part is slightly alkaline (pH 7.5-7.8) [31, 32] . V. cholerae is able to grow between 102 pH 6.5 and 9, but its preferred pH is that of sea water at ~8 [33] . V. cholerae also appears to be 103 more motile at alkaline pH [34, 35] 1A). The colonies of the MshA mutant had smoother edges, spread more ( Figure 1B ), but 129 8 remained dense like the wild type. Overall, V. cholerae spread faster in soft agar at alkaline pH. 130 However, colony spreading is a function of cell motility and chemotaxis to self-generated 131 chemical gradients but also growth rate [43] [44] [45] . In addition, V. cholerae growth is known to be 132 sensitive to acidic pH [46] . 133 To test the effect of pH on cell growth in M9 salts supplemented with pyruvate, we measured Figure S1 ). 163 10 Therefore, trajectories with a diffusion coefficient above 10 µm 2 /s were categorized as motile 164 cells. In Classical, most cells were highly motile near the end of the exponential growth phase. 165 The average diffusion coefficient of the population increased upon transfer from the spent 166 growth medium to fresh medium at all pH likely because of the replenishment of the energy 167 source (addition of pyruvate to spent medium had an identical effect). However, Classical was 168 most diffusive at alkaline pH ( Figure 2A ). 169 Both swimming speed and the frequency at which cell change direction by reversing the 170 flagellar motor rotation affects the diffusion coefficient. However, analysis of the trajectories 171 revealed that only swimming speed was affected by pH ( Figure 2B ). The average swimming 172 speed changed from 74 µm/s to 111 µm/s between pH 6 and 8. On the other hand, the 173 directional persistence of the cell trajectories did not change substantially, indicating that the 174 reversal frequency of the flagellar motor was not affected by pH. Therefore, the reduction of 175 swimming speed, caused by a weakening of the flagellate motor torque, is likely the main factor 176 affecting the rate of colony expansion on soft agar as a function of pH for Classical ( Figure 1 ). 177 Tracking of El Tor revealed a more complex behavioral response to change in pH. Upon transfer 178 from the growth medium to pH 6, two third of the population became non-motile ( Figure 2D motility while the mshA mutant is fully motile at pH 6 ( Figure 2D ). Therefore, El Tor activates 186 MshA-mediated attachment at acidic pH but not at neutral or alkaline pH in our growth 187 conditions. These results are consistent with the observation that the presence of MshA 188 reduces the spread of colonies on soft agar (Figure 1) . 189 In the absence of MshA, El Tor mean swimming speed was also severely reduced from 141 190 µm/s to 95 µm/s between pH 8 and 6 ( Figure 2E ). The directional persistence was unaffected 191 indicating that pH does trigger a strong behavioral response ( Figure 3F ). These results are 192 consistent with the response of Classical indicating that the mechanism underlying the 193 reduction in swimming speed at acidic pH is the same in both biotypes. In addition, the 194 reduction in speed is not the result of signaling activity through the chemotaxis pathway. 229 To test if pH affects V. cholerae's ability to penetrate mucus, we tracked fluorescently labeled 230 cells in unprocessed mucus that was scraped from the medial part of a pig small intestine and 231 equilibrated to different pH. As expected, the movement of both El Tor and Classical is severely 232 impaired in mucus when compared to swimming in a liquid environment ( Figure 3A , S1, and 233 S3). A majority of cells were trapped in the mucus mesh. The rest of the population was able to 234 swim through the mucus but would intermittently get trapped in the mucus mesh. Cells are not 235 moving freely with a constant diffusion coefficient. Consequently, the reported diffusion 236 coefficient represents an average over the trapped and free periods for each trajectory. The 237 proportions of swimming cells and the average speeds increased in alkaline pH for both El Tor 238 and Classical ( Figure 3AB ). The frequency at which cells change direction is not substantially 239 affected by pH ( Figure 3C ). 240 Previous studies have characterized the behavior of V. cholerae in mucus reconstituted from 241 commercially available purified mucin [51, 52] . We repeated the characterization of single-cell 242 motility in solutions of mucins from pig stomach or bovine sub-maxillary glands from Sigma- 243 Aldrich. We used a 3% w/v concentration, which is comparable to native mucus [53] [26] . We 244 found that the bovine mucin solution quickly killed V. cholerae (survival rate from 0 to 0.06% 245 after 45 minutes) unless dissolved in LB medium. We were unable to identify the source of 246 toxicity. Ultimately, we found that the diffusion of V. cholerae was higher in the reconstituted 247 pig and bovine mucin solutions than in our pig intestinal mucus samples ( Figure S3 ). This result 248 indicates that mucus reconstituted from purified mucins is different from native mucus and 249 likely does not reconstitute a gel. 250 
V. cholerae penetrates mucus better at alkaline pH

15
Overall, the tracking results are consistent with the effect of pH on swimming behavior in liquid. 251 Therefore, the pH of the local intestinal environment is likely an important factor for the 252 success of V. cholerae in colonizing the mucus layer in the small intestine of the human host. 253 However, in addition to affecting the torque of the flagellar motor, alkaline pH may also affect 254 the viscoelastic properties of mucus to facilitate cell translocation. (Figure 4) . The 1 µm 285 beads had a sub-diffusive behavior (slope of the mean-squared displacement < 1) indicating 286 that the large beads were trapped within the pores formed by the mucin mesh ( Figure 4A) [26]. 287 The 0.2 µm beads diffused more freely within the mucus (mean-squared displacement slope 288 ~1) suggesting that the small beads are smaller than the average pore size of the mucin mesh 289 that was previously estimated to be ~240 µm using electron microscopy ( Figure 4C ) [27, 55] . 290 Therefore, larger beads experience more viscoelastic stress ( Figure 4BD ). Consequently, the 291 motion of 1 µm beads and similarly sized bacteria such as V. cholerae is severely diminished in 292 mucus. 293 We also characterized the viscoelasticity of the purified bovine and pig mucin solutions we used 294 for characterizing the behavior of V. cholerae. Consistent with the behavior of swimming cells, 295 the microbeads had purely diffusive trajectories indicating that that the solutions were viscous 296 but not elastic ( Figure S4A ). The storage and loss moduli of the purified mucin solutions were 297 lower than our pig mucus sample ( Figure S4B ). Therefore, the purified mucins failed to 298 reconstitute the gel structure of native mucus. Incubation of non-motile V. cholera cells (El Tor 299 flrA) with crude mucus for one hour did not produce a measurable change in the diffusion 300 behaviors of cells and micro-beads ( Fig S4CD) . 301 Overall, we can conclude that the improvement seen in V. cholerae motility at alkaline pH is not 302 the result of a change in the mucus viscoelasticity. Therefore, we propose that V. cholerae's 303 18 increased ability to penetrate the mucin mesh at alkaline pH is the result of higher torque from 304 the flagellar motor. High motor torque is required for flagellar motility in hydrogels 333 V. cholerae uses a sodium-driven motor to rotate its flagellum. Therefore, pH is unlikely to have 334 a direct effect on the motor torque and rotation speed. However, maintaining a strong sodium 335 gradient across the cell membrane when the motor is rotating at high speed is energetically 336 20 costly [56] . V. cholerae uses several sodium transporter but most of the sodium export is done 337 by the NADH:quinone oxidoreductase (Na + -NQR) as part of the respiratory chain [57] . Activity 338 of the Na + -NQR pump is strongest at alkaline pH while cells are respiring [58] . Therefore, we 339 hypothesized that the reduction of swimming speed in spent medium or at acidic pH is the 340 result of the reduction of the Na + -NQR pump activity. 341 To test this hypothesis, we measured the swimming speed of Classical in the presence of 2-n- In this work, we demonstrated that V. cholerae can penetrate intestinal mucus using its 388 powerful flagellar motor. We extracted mucosa from a pig small intestine and characterized its 389 viscoelastic properties to examine the physical challenge motile bacterial pathogens have to 390 overcome to reach the epithelial tissues from the intestinal lumen. Crude intestinal mucus is a 391 23 viscoelastic hydrogel with a pore size estimated to be between 200 nm and 1 µm from our 392 microrheological analyses and previous imaging [27, 55] . V. cholerae is small enough to swim 393 through the mesh using flagellar motility. However, many cells were trapped in the mucin mesh 394 and the effective diffusion coefficient of free-swimming cells was severely reduced when 395 compared to swimming in liquid or purified mucin solutions that do not polymerize. 396 The diffusion of motile V. cholerae we observed in mucus may be sufficient to reach epithelial 397 tissues during infection of the human small intestine. Previous studies have indicated that . From our results, we estimate that the typical time V. cholerae would take to 404 penetrate 400 µm of the small intestine mucosa at pH 8 is about 2 hours, which is very close to 405 the time it takes to grow mucosa of that thickness. Therefore, in the absence of factors that 406 interfere with flagellar motility, V. cholerae is intrinsically capable of overcoming the physical 407 barrier formed by intestinal mucus using flagellar motility only. 408 In the conditions we tested, incubation of V. cholerae in crude pig mucus did not produce 409 measurable changes in the mucus bulk physical properties. A previous study proposed that V. Oxford Instruments) at 20 frames per second using a 40X objective (Plan Fluor 40x, Nikon 522 Instruments, Inc.) mounted on an inverted microscope (Eclipse Ti-E, Nikon Instruments, Inc.). 523 Cell were illuminated using phase contrast in liquid or epifluorescence in mucus and agarose. 524 Images were analyzed to detect and localize cells using custom scripts [83] and cell trajectories 525 were reconstructed using the µ-track package [84] . The analysis and plots of the cell trajectory 526 statistics were done in MATLAB (The Mathworks, Inc.) as previously described [83] .
527
Passive microrheology of mucus and agarose gel 528 The viscoelasticity of mucus and agarose were measured by tracking the passive diffusion of 1 529 µm and 200 nm fluorescent polystyrene beads (F8814 and F8810, ThermoFisher Scientific). To 530 prevent electrostatic or hydrophobic interactions between the beads and the gels, beads were 531 coated with polyethylene glycol (PEG MW 2,000Da). Coating was done by crosslinking carboxyl 532 groups on the surface of the beads with diamine-PEG following the previously described 533 protocol [85]. Beads 0.5% w/v and Triton (X-100, Sigma-Aldrich) 0.01% w/v were added to 534 samples and mixed gently. Epifluorescence signal from the beads were recorded using a sCMOS 535 camera (Andor Zyla 4.2, Oxford Instruments) at 100 frames per second using a 100X objective 536 (Plan Fluor 100x, Nikon Instruments, Inc.) and a 1.5X multiplier mounted on an inverted 537 microscope (Eclipse Ti-E, Nikon Instruments, Inc.). Images were analyzed to detect and localize 538 beads using custom scripts and trajectories were reconstructed using the µ-track package [84] . 539 The beads trajectories were manually inspected to remove artifact and erroneous linking. 
